A smartphone fluorimeter capable of time-based fluorescence intensity measurements at various temperatures is reported. Excitation is provided by an integrated UV LED (λ ex = 370 nm) and detection obtained using the in-built CMOS camera. A Peltier is integrated to allow measurements of the intensity over T = 10 to 40°C. All components are controlled using a smartphone battery powered Arduino microcontroller and a customised Android application that allows sequential fluorescence imaging and quantification every δt = 4 seconds. The temperature dependence of fluorescence intensity for four emitters (rhodamine B, rhodamine 6G, 5,10,15,20-tetraphenylporphyrin and 6-(1,4,8,11-tetraazacyclotetradecane) 2-ethyl-naphthalimide) are characterised. The normalised fluorescence intensity over time of the latter chemosensor dye complex in the presence of Zn 2+ is observed to accelerate with an increasing rate constant, k = 1.94 min −1 at T = 15°C and k = 3.64 min −1 at T = 30°C, approaching a factor of ∼2 with only a change in temperature of ΔT = 15°C. Thermally tuning these twist and bend associated rates to optimise sensor approaches and device applications is proposed.
Introduction
Smart device-based scientific instrumentation is democratizing scientific research and impacting fields such as medical, chemical and agricultural diagnostics as well as environmental and industrial monitoring. 1 Smart devices, such as smartphones, can be interconnected through wireless networking underpinning smart sensing networks and sensor smartgrids from which much of the so-called Internet-of-Things (IoT) derives. The majority of these instruments initially performed basic imaging applications such as microscopy 2, 3 and colorimetry-based analysis. [4] [5] [6] [7] The latter, in particular, has been important for analysis of chemical and biological samples in the field. For example, colorimetric analyses using a smartphone camera and external illumination has been reported for analysing chlorine, 8 bromide ion, 9 E. coli bacteria 10, 11 and metal ions 12, 13 in water samples. Recently, we introduced selfcontained smartphone devices 14 by developing a field-portable water quality monitoring instrument for pH measurements and real-time mapping. These devices use optical sources powered by the smartphone. 15, 16 Smartphone colorimetric detection is reasonably well integrated with other media such as micro-fluidic devices often with potential bio-markers in many point-of-care diagnoses. 17 The introduction of spectroscopy to the smartphone platform led to the development of a range of portable, fieldworthy absorption and fluorescence spectrometers [18] [19] [20] [21] [22] [23] [24] and associated lab-in-a-phone technologies. 14 The acquisition of fluorescence spectra is particularly noteworthy given the significant number of biomedical applications that can benefit from a portable, lab-in-a-phone platform. 24 A multiplexed fluorescence read-out platform has more recently been reported using a smartphone as a routine tool for quantum-dot conjugated bioanalysis. 25 Although a great deal of work has been done towards steady-state fluorescence measurements on smartphone platforms, 14, 16, 18, [24] [25] [26] there have been no previous reports on time-based measurements. Time-based measurements offer ways to resolve the evolution of fundamental information and the relationships between different processes at a † Electronic supplementary information (ESI) available: Characterisation results of the excitation source and power supply of the smartphone fluorimeter and voltage (V) and current (I) measurements across all electronics components at different load connections. See DOI: 10.1039/c7an00535k molecular level in chemical and biological science. Further, to be able to do this outside the laboratory and in the field would be a major advance in sensing. The timescale of various chemical processes at a molecular level can range from femtosecond to millisecond and longer. 26 Longer processes are characterised by changes in physical parameters, often involving temperature. For example, the measurement over time of growing fluorescence at different temperatures of a naphthalimide chemosensor dye in metal ion complexes has been resolved, revealing features and processes characteristic of an optical molecular diode. 28 The mechanical movement associated with long timescale relaxation upon optical excitation has even been proposed as the basis for molecular nanobot technology. 29 Further, by tuning the temperature of the sample, the molecule can reverse the selectivity between different metal ions having opposite redox potential, enabling a novel and low-cost method to discriminate between metal ions that are otherwise hard to distinguish. 28, 30 These markers have potential applications in both biological and environmental diagnostics. Temperature (T ) dependent fluorescence measurements are extremely useful for studying many other diagnostic processes in detail. Monitoring in-channel fluid temperatures using fluorescence in various microfluidic systems has been reported using temperature-dependent fluorescent dyes within a T-shaped microchannel intersection during electrokinetic pumping. 31 T-dependent fluorescence has been used to investigate temperature-induced risks for hyperthermic stress or cell damage. 32 Low temperature fluorescence in combination with gas chromatography is used to measure metal ions at ultra-low concentrations. 33 T measurements can also be used to characterise molecular probes with regard to their intrinsic fluorescence switching properties and the thermal stability of different fluorescent sensor materials. 34 However, many of these examples have never been characterised outside laboratory settings because field-worthy instrumentation capable of time-based, temperature measurements of fluorescence have not been readily available. Existing systems are connected to external heating and cooling units and are designed for benchtop operation, often with significant consumption of power that requires an external supply. The key challenge for achieving field-portable temperature measurements is the availability of a low-powered easy-to-control thermal unit. In previous work introducing the concept of democratisation of research through easily accessible and affordable field-enabled instrumentation, we reported the integration of photonic/optical components, such as ultra-violet (UV) light-emitting diodes (LEDs) as excitation sources, with low power consumption into smart device circuits. 18 Here, we further add a Peltier heating element within a 3D-printed package designed to improve insulation and mitigate power consumption. Thus we demonstrate a fully self-contained smartphone fluorimeter capable of both time-based and steady state measurements at different temperatures. An Arduino board plugged into the smartphone and controlled by an Android application allows the collection and internet-transmission of all data. The instrument is readily applied to a wide range of chemical research, offering time and temperature based fluorescence, on a field-portable smart device while serving global IoT connectivity via the internet. Herein, the concept of time-resolved and temperature tuneable fluorescence measurements using an Arduino controlled smartphone fluorimeter is demonstrated on four systems: two laser dyes, a porphyrin, and a metal ion chemosensor.
Materials and methods
The complete system diagram of the time-resolved smartphone fluorimeter with a T controlling unit is shown in Fig. 1 . The fluorimeter contains external microcontroller hardware interfaced with a smartphone, which holds all electronic components including the fluorescence excitation source, sample heating element and temperature sensing circuit. These components were operated via an Arduino Uno microcontroller module (ATmega328P-assembled, an open-source hardware and software prototyping platform, for building digital devices and interactive objects that can sense and control physical devices). 35 Such modules can send and receive commands either through wired connections or wirelessly, and are able to run multiple input-output devices simultaneously through their 14 digital output and 6 analog input ports. For instance, the fluorescence excitation source is connected to one of the digital output ports. ON-OFF switching and brightness of the excitation source can be controlled by tuning the voltage from the digital output port. Since the absorbance of most fluorescent sensor dyes (including our previously reported Zn 2+ -responsive chemosensor dye 28 ) lie in the UV region of the spectrum, a UV LED (V = 3.0 V, I = 20 mA, λ ex = 370 nm) was used as the fluorescence excitation source in this study. However, an excitation source at any other wavelength can also be added to the system, extending the fluorimeter's capabilities further. To raise or lower T of the sample, a Peltier (Model: TEC1-04905) unit is used. Peltier devices are popular thermoelectric energy conversion modules used for heating or cooling any object/ sample by applying potential across the junction of two different materials transferring energy from one side to the other (typically junctions of P-type and N-type semiconductors). When one side of the block heats up the other side cools down and vice versa. A properly designed thermal isolation system can help to maintain the T difference between hot and cold surfaces. Furthermore, to stabilize the temperature, a feedback loop is created by measuring the T of the sample, feeding the data to the Peltier circuit and adjusting the current to deliver and maintain the desired T stably over time. The large surface area (A = 2 × 2 cm 2 ) of the Peltier used in this work is sufficient to cover the surface of one side of the sample cuvette (Quartz, UV, L = 10 mm), enabling rapid heat transfer between Peltier and sample. By using a polarity reversing switch, the Peltier bias can be altered automatically. In the Peltier circuit, an N-type metal-oxide semiconductor fieldeffect transistor (N-MOSFET, α = 20) current amplifier circuit is used to amplify current to circumvent maximum currents from any output port (I max = 20 mA) of the Arduino and drive the Peltier. Thermal isolation between the Peltier surfaces was managed using an aluminum heat sink with a mounted cooling fan (V = 3 to 5 V). Actual temperatures at the cuvette were measured using an infra-red (IR) temperature sensor with a range −(33 ± 0.6) ≤ T ≤ +(220 ± 0.6)°C. The Arduino board is connected and powered by the smartphone through the micro-USB port and data transfer is through an attached HC-06 Bluetooth module. A custom smartphone application software (app) analyses the fluorescence of the sample whilst controlling the devices and components on the Arduino board through Bluetooth communications. The app allows both time-resolved and steady-state fluorescence detection on the smartphone camera. Screenshots of the app and its operations are shown in Fig. S1 (ESI †). The temporal resolution is limited by the camera recording time to a few seconds and can be improved by replacing the imaging camera with a photodetector. For the applications reported here, the dominant relaxation time of the chemosensor dyes that will affect real field measurements arises from mechanical relaxation on a minute timescale so high temporal resolution is not required. In this context, the smartphone app automatically captures images of the fluorescent sample at a specified time interval δt (∼4 s), which is defined by the total recording time (t ) and number of images (n) set by the user (Fig. S1a †) . In order to avoid other apps running simultaneously within the phone and impacting processor speed and time, δt is calibrated against a stop-watch. Once the image is recorded, another command from the app calculates the fluorescence intensity F, from the saved images, normalised against the initial fluorescence, F 0 , from the stored images if necessary, and plots intensity over time (F vs. t ). The algorithm used to calculate the fluorescence intensity from the captured images has been reported elsewhere. 14, 15 The smartphone fluorimeter can share the results of these measurements with other devices through the cloud and thus relay this information anywhere. The data can be accompanied by location identification through GPS positioning taken automatically by the phone.
3D design, fabrication and packaging
The device casing was designed in AutoCAD and fabricated inhouse with a 3D printer using acrylonitrile butadiene styrene (ABS) filament (Fig. 2) . The final 3D design of the smartphone intensity fluorimeter consists of four different parts: an electronics panel, the sample chamber, the thermal unit, and the fluorimeter box. The fluorimeter box is a support frame to hold and align the smartphone at a 30°inclined to the horizontal axis for easier reading and optimises contact between the sample cuvette and the Peltier surface. On the top of the box where a frame holds the smartphone, a suitable port allows connection of the On-the-Go (OTG) cable from the smartphone's micro-USB port to the power supply port of the Arduino (this can be packaged internally). Ventilation allows heat dissipation from all active components. Fig. 2 (inset) shows the design of the sample chamber and the corresponding assembled device. In order to reduce the levels of UV radiation reaching the CMOS detector directly and maximize the fluorescence readout, the UV LED is positioned orthogonal to the fluorescence emission path from the sample contained in a standard quartz cuvette. An emission filter at λ em ∼ 450 nm is used to further reduce background scattering (and can be replaced or complemented by other bandpass filters where required). Access to the cell chamber for a standard cuvette is from the top whilst the temperature of the cuvette is monitored by the IR sensor from the bottom.
Instrument calibration
Step-by-step calibration of each of the individual components was carried out. This includes the optical stability of the excitation source at different thermal conditions, and response of the Peltier and T-sensors. Fig. S2 (ESI †) summarises the results of experiments to calibrate each individual component of the system. The results show that the output emission of the excitation source varies linearly with input current (Fig. S2a †) . This allows the user to control the optical power using a potentiometer, in contrast to many commercial spectrometers where this is done by adjusting the excitation slit width which sacrifices the spectral resolution. Despite this adjustment, the UV LED also shows good stability over time (Fig. S2b †) and T (Fig. S2c †) . The thermal stability (Fig. S2c †) was tested by measuring the emission spectrum of the UV LED on a fibrecoupled Ocean Optics spectrometer (HR 4000) while increasing T using a heat gun. The stability of the smartphone's battery power supply has been verified by monitoring I and V from the micro USB port at different current levels. Both I and V are found to be stable at 5.87 mA and 5.11 V respectively across a constant load R ∼ 83 Ω over time (Fig. S2d †) . The output voltage stability is ensured by an internal driver circuit within the smartphone.
Temperature calibration
The response of the temperature sensor in the smartphone fluorimeter was calibrated against a standard K-type thermocouple (Fluke 50-Series II Model 52). To do this, the temperature of the sample cuvette, filled with de-ionised water, was monitored both using the smartphone fluorimeter and simultaneously with the thermocouple directly immersed in the water. By directly immersing the thermocouple into the sample, the thermocouple reads the actual temperature which is then compared with the surface temperature of the cuvette recorded by the IR temperature sensor. The bottom surface of the cuvette is coated with a non-transparent black paint to ensure that the temperature sensor receives emission only from the cuvette surface, and block emission from the surroundings through the transparent cuvette walls. Fig. 3 shows the comparison between temperature readings on the smartphone fluorimeter (T ir ) and from the standard thermocouple (T th ). From the linear fit of the data, correlations between the two systems are obtained for heating and cooling conditions. Two empirical equations were obtained and uploaded to the app to correct for this T response due to cooling and heating from mean room temperature ∼(24.5 ± 0.5)°C during measurements: For heating (T ≥ 25.0 ± 0.5°C)
For cooling (T ≤ 24.0 ± 0.5°C)
Battery lifecycle
The operational time of the complete system is estimated for a full discharge cycle of the smartphone battery (Blackview ZETA, E = 2050 mA h). The total working time as well as actual V and I across key components were recorded under different loading conditions to the battery (Table S1 ESI †). With minimum components connected, i.e. when only the excitation source, temperature sensor and Bluetooth module are ON, the smartphone fluorimeter can operate continuously and reliably for t ∼ 5 h. Using a Peltier (2 × 2 cm 2 ), power consumption permitted a working time of t ∼ (60-70) min for both heating and cooling. In lieu of future general improvements in smartphone battery performance (which are likely), adding a second battery can extend the device lifetime substantially but nonetheless this time was sufficient for the measurements reported here and sufficient to have a fully functioning, field portable fluorimeter that can perform as well as many benchtop instruments.
Fluorescence measurements
The temperature response of steady-state fluorescence intensity (F) from two commonly available laser dyes, (Rhodamine B (RhB, 1) and Rhodamine 6G (Rh6G, 2)), a porphyrin emitter (5,10,15,20-tetraphenylporphyrin, 3) and the chemosensor dye 6-(1,4,8,11-tetraazacyclotetradecane)2-ethyl-naphthalimide fluoroionophore (4) were measured to demonstrate the Arduino-controlled smartphone fluorimeter performance and capability. The laser dyes RhB (1) and Rh6G (2) have a wide range of applications in chemical research whilst having opposite responses to increasing temperature. RhB, for example, is often applied in non-contact sensing of T-changes produced by radiofrequency radiation in small biological samples. 36 By using two rhodamine dyes with opposite temperature effects, millimeter wave propagation inside a rectangular waveguide has been characterized. 37 This makes these dyes excellent test subjects for the fluorimeter. Fig. 4a shows the decrease of fluorescence intensity in response to increasing temperature for the RhB solution in deionised water ([RhB] = 0.1 mM). Similar to RhB, in most cases an increase in T results in a reduction in the fluorescence quantum yield because there is an increase in molecular collisions in solution and a rise in the amplitude of internal molecular vibrations, leading to higher non-radiative relaxation of the excited state and therefore greater fluorescence quenching. On the other hand, some organic molecules in aqueous solution form associated complexes (dimers, trimers, and so forth), the concentration of which increase with temperature. These complexes are better shielded and have higher quantum yields producing increases in fluorescence, explaining the small increase in fluorescence of Rh6G in deionized (DI) water with increased temperature. Consistent with that, Fig. 4b shows the measured increase of Rh6G (0.2 mM solution in DI water) fluorescence with increasing temperature. The rate of fluorescence change can be obtained from the slopes in Fig. 4 and expressed in percentage as
From the linear fits in Fig. 4(a) and (b) , the rates of fluorescence change in RhB (λ em = 600 nm) and Rh6G (λ em = 550 nm) are recorded as η RhB = −1.58%°C and η Rh6G = 0.51%°C respectively. 38 These observed values sit reasonably within the range of values reported for these dyes in literature. 39, 40 The significantly higher rate of change of fluorescence of RhB makes these dyes very useful for different T-responsive applications. Porphyrins are robust, conjugated ring systems, and important cofactors found in many biomolecules including haem and chlorophyll. Using the smartphone fluorimeter, the fluorescence (λ em = 650 nm) of a 50 µM solution of 5,10,15,20-tetraphenylporphyrin (TPP, 3) in acetone was recorded over the T range 10 to 40°C, showing a very slow decrease of fluorescence for TPP with increased T (Fig. 4c) .
The rate of decay is recorded as η TPP = −0.45%°C. The robustness along with rigidity compared to the dyes makes this porphyrin much less temperature dependent. Relatively high thermal stability of porphyrin dyes has also been reported by others where no decomposition was observed until 200°C. 41 The temperature-responsive fluorescence (λ em = 450 nm) of a chemosensor dye 4 was also measured using the Arduino driven smartphone fluorimeter. Chemosensor dyes of this type are widely used to quantify metal ion (such as H + , Zn 2+ and Cu 2+ ) concentrations in environmental and biological samples. [42] [43] [44] These systems can be easily adapted to smartphone devices to enable rapid off-site diagnosis and have been used to map pH around Sydney 14 and to characterize metal ion concentrations, including unintentional metal ion disruption in water supplies. Temperature effects can reverse the metal ion selectivity of these chemosensors, making it possible to use fluorescence to monitor multiple metal ions in one sample. 28 For example, it has been shown that, in the presence of electron donor Cu 2+ , photo-induced electron transfer (PET) in the ligand 4 increases whereas net fluorescence, ΔF (F − F 0 ) decreases as a function of T, which is the opposite of the case with Zn 2+ ion. 27 However, the rate at which the ligand/complex bends or twists can be slowed by reducing the temperature of the solvent system, which means that at sufficiently low temperature (T ≤ 15°C), the effect of Zn 2+ on the overall fluorescence emission is greatly diminished, and effectively zero. Therefore, temperature can be used to discriminate between metal ions. To demonstrate the potential when both Zn 2+ and Cu 2+ are present with the ligand 4 (5 µM in HEPES buffer, pH = 8.0) in a concentration ratio 1 : 1 : 1, a net decrease in fluorescence with decreasing temperature is observed (Fig. 4d) . This net fluorescence decreases such that at T = 10°C, the output is the same in the sample containing 1 : 1 Zn 2+ : Cu 2+ as the Cu 2+ case alone, 27 indicating that the Zn 2+ -bound species is not triggering a change in fluorescence output at this temperature: Cu 2+ preferentially binds with the ligand ahead of Zn 2+ . Thus the presence of the Cu 2+ can be identified.
Time-resolved relaxation measurements
Our previous study 28 on the chemosensor 4 shows that, in the presence of Zn 2+ , the ligand is bent and the fluorescence emission through intramolecular charge transfer is characterised by an intensity growth over up to 1 minute. This is a remarkably long timescale explained by a physical movement in the electronic distribution around the molecule. That such movement can be controlled by optical excitation led to the proposal of using twist-and bend-induced charge transfer to enable photonic powered molecular nanobots and nanobot technology. 29 Here, we used the smartphone fluorimeter to resolve the evolution of fluorescence measurements over time, in order to determine this twisting and bending rate, identified through a bending rate constant. In this case, the smartphone app captures automatically a total of n = 75 images of the fluorescent sample at a regular interval, δt = 4 seconds. The fluorescence intensities were plotted locally on the smartphone screen as F vs. t and also sent to a computer over the Internet. In order to understand the factors that impact on this mechanical bending, both optical and thermal excitation were tuned and the rate of "bending and twisting" measured using the smartphone fluorimeter. Optical excitation was varied by adjusting the current through the UV LED (Fig. S2a † shows linear relationship between optical output and diode current). Thermal excitation was varied by adjusting the temperature of the sample. The emission intensity is fixed to the peak wavelength of the fluorescent band, λ ∼ 450 nm which as expected grows at a constant rate over time for all given excitation intensities. The normalised data in Fig. 5a (a plot of F versus t for different 370 nm diode currents) shows little variation with intensity within experimental error. The small, reproducible increase in intensity with increasing diode current is due to local heating of the components which is not dissipated quickly enough. A reasonable conclusion is that there is no observable control of the rate of bending arising from optical excitation at this wavelength where the chemosensor has a significant absorption 43 -this is unsurprising given that electronic excitation is fast (ns) whereas mechanical relaxation is slow and an indirect consequence of optical excitation. So finetuning the rate of movement of this optical "nanobot" using light is not immediately feasible. To alter the rate of bending and/or twisting requires direct excitation of the mechanical process; the most obvious way to achieve this is by varying temperature (hinted by the data in Fig. 5 ). Fig. 5b shows the normalised intensity as a function of time for experiments at a range of different temperatures. The rate of fluorescence change increases with increasing temperature, as anticipated. Assuming that bending is the dominant process involved here, it is plausible to quantify the rate of molecular bending as a function of bend angle, directly from the emission data. The single exponential growth of emission can be expressed directly to represent the rate of bending as a function of T:
Àkt where θ 0 is the initial angle, k is the rate constant, T is the temperature and t is the time of exposure. By knowing the initial angle θ 0 , the bending angle θ n (n = 1, 2, 3…), as shown in Fig. 6 , can be quantified at a given T. From the exponential fits of the normalised data (solid lines shown in Fig. 5 ), it is possible to extract the rate constant (min −1 ) at each temperature used in Fig. 5b as well as for each current used in Fig. 5a . These are summarised in Table 1 . Values of the measured rate constant on the smartphone agree with those reported with a standard benchtop fluorimeter. 28 This result indicates that temperature tuning offers a tangible route to controlling useful mechanical parts and even full robotic functionality on the nanoscale. [44] [45] [46] This greatly enhances the potential for enabling molecular machines. Future designs can seek to combine and optimise optically induced charge transfer and heating to make this more efficient.
Conclusions
Both the steady-state and time-based evolution of fluorescence measurements at different temperatures have been demonstrated using a novel, self-contained, portable, smartphone fluorimeter. There remains considerable room to improve the capacity of the device further. Extending the device to allow fluorescence spectra to be recorded can be readily achieved by introducing a dispersive element into the system. 18 In terms of improving the temporal resolution of fluorescence measurements, the imaging camera can be replaced by a fast photodetector, the subject of ongoing work. Future technologies, such as smart optical chip screens, 47 optical chips 48 including quantum optical chips and quantum single photon emitters such as those based on self-assembled silica 49 to accelerate processing times, enable encryption and reduce power consumption, along with next generation batteries, will only enhance device performance. The actual performance of the device shown to be equal, if not superior, to previously reported measurements using benchtop equipment. 27 Further, the temperature-responsive fluorescence of several widely used fluorescent dyes 1-4 has been measured using the smartphone fluorimeter and found to be consistent with reported values elsewhere. The capacity to use this instrument to distinguish the different responses of different metal ions in solution has been practically demonstrated. Time-resolved fluorescence intensity emitted from a chemosensor dye 4 was characterised both in terms of varying optical excitation intensity and thermal excitation. In addition, we have extracted rate constants associated with twisting and bending of the dye and explored their potential application in molecular mechanical device technology. Overall, the wireless/Bluetooth combination enabled a compact portable system where data was transmitted to central computers. Whilst Bluetooth has its limitations, it is low cost and the principles equally apply to newer wireless techno- and optical excitation (λ ex = 370 nm). As a result of electrostatic interactions, the cyclam group is increasingly twisted and bent out of the plane of the naphthalimide group with Zn 2+ present and optical excitation. logies. The instrument clearly has the potential to enable centralized collection and analysis of data from many such instruments across a field including a subsequently reported smartphone-based device, 50 aided by wireless networking, remote analysis, and individual mapping in real-time. Analysis elsewhere can be sent back to all devices to further enhance capabilities in the field. In addition to applications in chemical and biological research, the instrument has significant potential to demonstrate important chemical and physical science in the field and in resource limited arenas. This in fact forms the foundation for the true democratisation of science, seeded by community IoT and 3D printing, bringing a future that extends it well beyond traditional borders of academic institutions. This is perhaps the most remarkable and impactful aspect of this technology.
